T he opening of back-arc basins starts with the initial rifting and crustal thinning of a pre-existing volcanic arc 1-3 until a critical amount of stretching is reached, after which further extension is accommodated by the formation of new oceanic crust 4-8 . The Havre Trough is a submarine extensional basin bordered by the Colville Ridge remnant arc to the west and the Kermadec Ridge to the east (Fig. 1) , related to the subduction of the Pacific Plate and the Hikurangi Plateau underneath the Australian Plate 9-12 . The northern extension of the Havre Trough is the Lau Basin 4,7,8 , whereas its southern continuation is the active continental rift known as the Taupo Volcanic Zone (TVZ) [13] [14] [15] [16] .
Observations from bathymetric and geophysical surveys
Bathymetric, gravity and magnetic surveys (Fig. 2 ) reveal a sharp contrast in the structure of the eastern and western segments of the Havre Trough. The bathymetry ( Fig. 2a) shows that the seafloor morphology in the western Havre Trough is dominated by a set of segmented and discrete en echelon extensional basins up to 4,000 m deep. The morphology of these basins does not show a clear spreading ridge like those found in the Lau Basin or Mariana Trough [4] [5] [6] [7] [8] but is rather characterized by flat floors and thicker sediment infills, up to 400-800 m (refs. 10, 18, 28 ), which indicates a lack of recent neovolcanic activity in these areas. These basins are interrupted along strike by younger cross-arc massifs and seamounts characterized by an island arc basalt composition, which possibly records the migration from the proto-Colville-Kermadec arc to the present active volcanic front 17 or a younger volcanism along preexisting cross-arc structures 31, 32 .
In contrast, the morphology of the eastern Havre Trough is characterized by a shallower bathymetry and appears dominated by the construction of young volcanic edifices that constitute the active Kermadec arc front and smaller extensional basins. These basins are narrower, generally shallower and practically unsedimented 28 . This contrast in basin morphology and sediment thickness indicates a current active extensional deformation in the eastern Havre Trough, and a cessation of deformation in the western Havre Trough. The clear boundary between the western and eastern Havre Trough, along the eastern-most black dashed line in Fig. 2 , indicates a sharp discontinuity along a median line approximately equidistant from the Colville and Kermadec Ridges.
This contrast is also clearly expressed by the magnetic anomaly map in Fig. 2b . The western Havre Trough is characterized by long magnetic lineations with alternating polarities that run parallel to the Colville Ridge and strike for ~500 km. There is a change in the pattern of these magnetic lineations between 34 and 35° S, in which the central normal polarity is gradually replaced by a central reversed polarity towards the south. We can delineate three different zones (I, II and III in Fig. 2 ) based on this magnetic transition with boundaries that are defined by cross-arc constructional features in the bathymetry map of Fig. 2a . The eastern Havre Trough, by contrast, does not show a systematic pattern of magnetic lineations but rather a system of localized magnetic anomalies strongly correlated with bathymetry variations. The boundary between western and eastern Havre Trough is also visible in the free-air gravity map of Fig. 2c . West of this boundary, the gravity data are characterized by local lows over a baseline of ~50 mGal, whereas east of this boundary, gravity is dominated by highs >100 mGal. The Bouguer gravity map in Fig. 2d , in which the effect of seafloor bathymetry is removed, shows a widespread gravity high in the Havre Trough.
The clearest evidence of the sharp boundary and the differences between the western and eastern Havre Trough is shown in the seismic sections in Fig. 3 . P-wave velocities from seismic refraction data ( Fig. 3a) show an abrupt discontinuity in the centre of the Havre Trough. The western Havre Trough is characterized by a thick layer of sediments ( Fig. 3b ), whereas the eastern Havre Trough lacks any visible sediment cover. The seafloor fabric also shows a rough bathymetry characterized by alternating reliefs and depressions in the eastern Havre Trough, in contrast with the almost flat seafloor in the western Havre Trough. P-wave velocity and seismic reflection data show evidence of a buried ridge under the sediments, with a local thinning of the overlying sediments from 400-800 to ~180 m (estimated using a V P of 1.8 km s −1 ) at the centre of the western Havre Trough (distance ~82 km in Fig. 3a and common depth point (CPD) 570 in Fig. 3b ).
Evidence of past seafloor spreading in the Havre Trough
There is clear geophysical evidence of past seafloor spreading in the western Havre Trough. This region represents the initial phase of extension after the break-up of the original proto-Colville-Kermadec arc and does not show evidence of present-day extensional deformation. The thick layer of sediments may have blanketed evidence of a spreading ridge in the bathymetry, but the seismic sections in Fig. 3 show a buried ridge at the centre of the western Havre Trough. Similar evidence is observed elsewhere along the back arc 10, 28 and could represent the seismic expression of a buried spreading ridge.
The estimated average rate of sedimentation from very few sites 33, 34 in this region for the past 50 kyr is ~70 mm kyr -1 . Extrapolation of this rate suggests that the ~180 m of sedimentary succession overlying the buried ridge at the centre of the western Havre Trough accumulated in the past ~2.6 Myr. However, this is not a robust estimate because sedimentation in this volcanic environment is not continuous and is affected by episodic volcanic eruptions, which could provide irregular rates. Alternatively, if rifting of the original proto-Colville-Kermadec arc started ~5.5 Ma and continued at a constant opening rate of ~20 mm yr -1 , we predict a width for the Havre Trough of ~110 km, which is consistent with the observed width of ~100-120 km ( Fig. 2a ). In this case, as the western Havre Trough has an average width of ~50-60 km, it must have formed during the first 2.5-3.0 Myr of extension and abruptly terminated ~3.0-2.5 Ma, still compatible with the previous estimate of ~2.6 Ma from sediment thickness.
The past 6 Myr are characterized by four magnetic epochs 35 with alternating polarities, which supports the hypothesis of seafloor spreading in the western Havre Trough. In the central and northern sector (zones I and II, respectively), the central lineation has normal polarity and is flanked either side by adjacent lineations with reversed polarities. The older lineations indicate the initiation of spreading during the Gilbert epoch 35 (5.89-3.58 Ma), that is, almost synchronous with the initial splitting of the proto-Colville-Kermadec arc. The average total width of these anomalies of ~35-40 km (Fig. 2 ) over a duration of ~2 Myr also indicates a full spreading rate of ~20 mm yr -1 , which implies that this rate could have been nearly constant over the past 5 Myr. The central lineation with normal polarity represents the more recent Gauss The magnetic anomaly pattern in the eastern Havre Trough is consistent with arc magmatism, in which the occurrence of bathymetry-correlated magnetic anomalies with alternating polarities reflects different ages for the basins and volcanic edifices emplaced during the Matuyama and Brunhes epochs. This interpretation is partially supported by microfossil 18 , K-Ar (refs. 13, 18 ) and Ar-Ar (refs. 27, 32 ) ages from few volcanoes of the Kermadec arc front. The Bouguer gravity map of Fig. 2d supports a model of crustal thinning and a shallow upwelling of mantle material beneath western and eastern Havre Trough. Figure 4 shows three cross-sectional models along the grey continuous lines a, b and c in Fig. 1 that separate zones I, II and III, each simultaneously fitting magnetic and gravity anomalies. These models show that oceanic crust ~5 km thick, with alternating magnetic polarities in the western Havre Trough, is needed to simultaneously reproduce the geophysical observations. By contrast, the eastern Havre Trough shows the presence of a more homogeneous and slightly thicker (6-7 km) crust in the active Kermadec arc front region, broadly consistent with estimates from seismic surveys 28 .
Rollback and break-up of the proto-Colville-Kermadec arc
Geophysical and structural observations suggest that the opening of the Havre Trough was achieved in two distinct stages. The first stage was dominated by an initial surge of seafloor spreading that occurred soon after rifting of the proto-Colville-Kermadec arc ~5.5 Ma and lasted until ~3.0-2.5 Ma in zones I and II, and until ~2.0 Ma in zone III (Fig. 2) . The sharp termination of the magnetic lineations in the western Havre Trough ( Fig. 2a) indicates an abrupt transition towards a second evolutionary stage characterized by a completely different tectonomagmatic regime. This is supported by the stark morphological contrast ( Fig. 3 ), which shows evidence of an arrested deformation in the western Havre Trough and of present-day rifting and arc constructional magmatism in the eastern Havre Trough.
This model could also explain the observation that the Havre Trough and the active continental rift of the TVZ are not continuous 13, 15, 16, 25 , being sinistrally offset by ~50 km. Our two-stage tectonic model shows that the discontinuity in the centre of the Havre Trough is perfectly aligned with the western boundary of the TVZ rift ( Fig. 1 ). This suggests, in fact, that the TVZ represents the onshore southward continuation of the eastern Havre Trough, in which the recent stage (since 2 Ma) of extension is continuously taking place.
The western limit of oceanic spreading defined by the boundary of the corresponding magnetic lineations is offset ~15-20 km east of the Colville Ridge (Fig. 2) . A similar distance of 15-20 km can be inferred from the seismic sections in Fig. 3 . This measurement approximately represents the half-width of stretched crust that could accommodate extension before seafloor spreading. A pure shear extension model applied to the Havre Trough using a stretching factor of β ≈ 3 (ref. 30 only ~10-13 km wide. This is also supported by the near-vertical inner margins of both the Colville and Kermadec Ridges, which are mirrored across the Havre Trough ( Figs. 2a and 3 ). Even assuming a more rigid stretching factor of β ≈ 2, estimated for the continental TVZ 16, 25 , the maximum width of the break-up zone would not exceed 20 km. This zone of initial weakness constitutes only 10-15% of the original width of the proto-Colville-Kermadec arc. General investigations of back-arc basins worldwide 2,3,36,37 show a significant correlation with the absolute motion of the overriding plate away from the trench and a consolidated view, supported by analogue and numerical experiments 38, 39 , implies that the rapid rollback of the trench hinge and steepening of the subducting slab induced by the negative buoyancy of the old (and cold) subducting lithosphere 3, 36 is the primary cause of extension in the overriding plate. A toroidal mantle flow around lateral slab edges, more than trench suction 3, 37 , is thought to induce stress and shear drag in the overriding lithosphere, particularly at narrow subduction zones [40] [41] [42] .
The present age of the subducting lithosphere below the Havre Trough is >100 Ma (ref. 43 ), which indicates that the Pacific lithosphere is old and heavy enough to sink and induce a retreat of the trench. This mechanism of rollback in the Havre Trough is supported by the extension directions determined from focal mechanisms 20, 21 , by the direction of fault strikes in the TVZ rift consistent with the southeast migration of arc front volcanoes [44] [45] [46] and by the parallelism of the extension direction between the Colville and Kermadec Ridges 1,17,47 . Plate circuit reconstruction based on absolute velocities 36 also shows that in the Lau Basin, where mature back-arc spreading is evident 4, 5, 7, 8 , the trench has retreated east since ~10 Ma (Fig. 1) , whereas in the Havre Trough trench retreat started only ~5 Ma, contemporaneously to our observations of back-arc spreading initiation.
Conceptual model
Three-dimensional numerical models of subduction dynamics predict that mantle flow can induce significant interaction between decompression and flux melts 40, 41 , with transport of the depleted mantle from the back-arc to the arc 42 . Homogeneous models predict that, as rollback continues, the arc and back-arc melting regions become gradually disconnected over timescales of ~ 10-15 Myr, with the possible cessation of back-arc spreading for narrow subducting plates that exhibit a decrease of trench retreat velocity 42 .
In the Havre Trough we observe a sharp termination of seafloor spreading, with the locus of deformation jumping from west to east after a short timescale of ~3.0-2.5 Myr. The abruptness of this transition can be explained by considering the combined influence of slab rollback and local anomalies in the rheology of the mantle wedge promoted by thermal weakening, which could have induced discontinuous dynamics in the interaction between arc and backarc melts over shorter timescales.
Starting ~5.5 Ma (Fig. 5a ), trench rollback induces extension in the overriding plate with rifting that involves a narrow region of the active proto-Colville-Kermadec arc where the crust is weakest, immediately followed by seafloor spreading. As the Pacific Plate rolls back (Fig. 5b) , the path taken by ascending arc melts towards the surface is deflected westward by pre-existing permeable zones of thermal weakness in the mantle wedge, which underlie the region of seafloor spreading. This deflection cannot continue indefinitely, because at some point the ongoing rollback of the Pacific Plate will induce the trajectory of arc melts to snap back to realign the surface volcanism with the source of arc melts at depth, which ultimately diverts the arc flux outside the region of seafloor spreading (Fig. 5c ). As the back-arc region in the western Havre Trough cools down, it becomes essentially an inactive microplate locked to the overriding Australian Plate, and the active Kermadec arc front in the eastern Havre Trough is the new locus of active extension. If this model constitutes the general mechanism for the early opening of back-arc basins, it could explain similar observations of extinct, short-term episodic back-arc spreading centres that are observed in other subduction systems, such as the Tyrrhenian Sea 48, 49 and the Okinawa Trough 50 . In agreement with recent studies of continental rifting 51, 52 , a fast surge of seafloor spreading was the first mechanism of crustal accretion in the Havre Trough and occurred shortly after the break-up of a very narrow region of the original proto-Colville-Kermadec arc. 
Methods
Magnetic and gravity data: acquisition and processing. Gravity and magnetic data were processed using Geosoft Oasis Montaj software. Magnetic data were collected during 12 cruises (Supplementary Table 1 ) from 2004 to 2018, supplemented by low-altitude aeromagnetic data 29 and shipborne data from NGDC database (https://www.ngdc.noaa.gov/mgg/geodas/trackline.html). Shipborne magnetic data were processed for heading and lag errors. Magnetic anomalies were obtained removing the International Geomagnetic Reference Field 55 . The totalintensity magnetic anomalies were reduced to the magnetic pole 56 to remove any skewness effect due to the dipole shape of the magnetic field at mid-latitudes. Shipborne gravity data were collected during nine cruises ( Supplementary  Table 1 ), also from 2004 to 2018. These data were supplemented by satellite altimetry-derived gravity data 54 . Shipborne gravity data were corrected for drift and Eotvos effects and processed with a 120 s long Butterworth low-pass filter along the survey lines. The shipborne gravity data cross-over error with the satellite-derived gravity data was within 2 mGal. The Bouguer gravity anomaly, which removes the effect of the seafloor topography from the free-air anomaly, was calculated using a standard reduction density of 2.67 g cm −3 .
Both gravity and magnetic data were smoothed using a low-pass desampling filter and gridded with a common cell size of 500 m using a minimum-curvature algorithm 57, 58 to interpolate the irregularly-spaced line data and fill gaps between the survey lines using a maximum entropy prediction algorithm 59 . The geophysical models in Fig. 4 were produced by extracting data along the selected profiles from the co-located bathymetry, gravity and magnetic grids. These profiles were modelled using two-dimensional polygonal bodies 60 with infinite length along the strike perpendicular to the profiles.
Seismic data: acquisition and processing. Seismic reflection data were acquired onboard RV Sonne voyage SO192-1 as part of MANGO 28, 61 . The seismic source comprised two G-gun clusters with a combined volume of 64 l at 3,000 p.s.i. (2.01 × 10 7 Pa). Seismic data were recorded by a 16-channel streamer from GNS Science, with a 2 m hydrophone spacing. The towing depth was 8 m and the 60 s shot intervals at 5 knot was optimized for the acquisition of Ocean Bottom Seismometer data.
These multichannel seismic data were processed at GNS Science using GLOBE Claritas software. After sorting and stacking across common shot points, we applied a simple processing sequence that involved resampling at 4 ms, bandpass frequency filtering (corner frequencies 1-20-120-180 Hz), automatic gain control over a 14 s window and surgical muting of the direct arrival. The resulting stack was trimmed to a 14 s record length with the output as SEG-Y.
Magnetic chronology and opening of the Havre Trough. The magnetic anomalies in the western Havre Trough show a pattern of lineations that correspond to different polarities. The 'Plio-Pleistocene' period is characterized by four magnetic epochs with alternating reversed and normal polarities (Supplementary Table 2 ). Within each of these epochs, short reversal chrons (~ 0.1 Ma duration) occurred, although these events are undetectable given the resolution of our magnetic compilation. Some asymmetry can be seen in the shape and width of the magnetic anomalies, as is commonly observed in other back-arc basins 1, 2, 16, 62 .
Based on external constraints on the ages 10, 13, 15, [17] [18] [19] of the initial opening of the Havre Trough and extension rates 13, 15, 17 , the optimal combination of magnetic epochs that could explain the observed magnetic lineations in zones I and II (Fig. 2) is Gilbert (reversed) and Gauss (normal) between 5.89 Ma and 2.58 Ma, respectively. For our calculations we then adopted a full spreading rate R = 20 mm yr -1 , estimated as an average value from present-day observations [22] [23] [24] [25] [26] , and we used the average total width w of the magnetic anomaly to independently date the opening of the Havre Trough and check the consistency with other studies of ages and rates:
where ΔT is the duration of seafloor spreading recorded by the magnetic anomaly during a specific epoch. In zone I (Fig. 2) , the average total width of the negative lineations that corresponds to the Gilbert epoch is ~35-40 km ( Supplementary Fig. 1 ), which implies a duration ΔT ≈ 1.8-2.0 Myr. This anomaly records the inception of the seafloor spreading, which started 1.8-2.0 Myr before the beginning of the Gauss epoch (or the end of the Gilbert epoch), that is, 5.3-5.6 Ma. The average width of the lineation that corresponds to the Gauss epoch is ~20 km, which gives ΔT ≈ 1.0 Myr. This is the central anomaly that recorded the cessation of seafloor spreading, which therefore terminated ~1.0 Myr after the beginning of the Gauss epoch, that is, 2.6 Ma. This age is close to the beginning of the Matuyama reversed epoch, which could explain the presence of small negative anomalies right on the centre of the Gauss central anomaly, as they could have recorded the last and more recent episodes of seafloor spreading at the beginning of the Matuyama epoch with reversed polarity. In zone II (Fig. 2) , we have similar widths of ~35-40 km for the Gilbert and 20 km for the Gauss central anomaly, respectively. This suggests similar ages for seafloor spreading in this zone, although here the magnetic lineations are more curved and less linear than those in zone I.
If this is not an artefact from interpolation, it could suggest that the concomitant action of other mechanisms of tectonic deformation may have played a role in shaping these anomalies in the transition zone between zones I and III (Fig. 2) . In zone III, the central anomaly is reversed, with an average width of ~12 km. Our interpretation of this anomaly is that it has recorded the final episode of seafloor spreading in zone III, and it was emplaced during the early Matuyama epoch, which is consistent with the progressive southward propagation of extension in the Havre Trough 15, 18, 19 . The width of 12 km corresponds to a duration of ~0.6 Myr, which gives an age of ~2.0 Myr for the termination of seafloor spreading in this area.
Another possible pattern of reversed and normal polarities occurred during the Matuyama and Brunhes epochs, respectively, between 2.58 Ma and the present day, but these magnetic epochs cannot explain the magnetic lineations because they imply unrealistic kinematic models. For example, the sediment thickness in the western Havre Trough implies the absence of a consistent deformation in this area for a significant amount of time. Even assuming a sudden jump of the full spreading rate up to ~100 mm yr -1 towards the end of the seafloor spreading phase in the western Havre Trough, it would require at least ~0.2 Myr to reproduce the observed width of ~20 km of the central lineation of normal polarity in zones I and II. If this happened during the normal polarity Brunhes epoch, then seafloor spreading terminated ~0.58 Ma (that is, 0.2 Myr after the beginning of the Brunhes epoch ( Supplementary Table II) ). In this case, ~180 m of sediments in the western Havre Trough (Fig. 3 ) had to be deposited in 0.58 Myr. This, in turn, would give an unrealistic sedimentation rate >300 mm kyr -1 .
More importantly, the width of the eastern Havre Trough is representative of the most recent phase of extensional deformation, which occurred after the cessation of back-arc oceanic spreading in the western Havre Trough. Even assuming a sudden inception of extensional deformation in the eastern Havre Trough starting ~0.58 Ma, a full rate of ~ 100 mm yr -1 would also be needed to reproduce the observed width of the eastern Havre Trough (~50-60 km), which strongly disagrees with the present-day observed rate of ~20 mm yr -1 . In summary, the interpretation of the magnetic lineations using the Matuyama and Brunhes epochs requires unrealistic, discontinuous kinematic models characterized by a slow extension rate during the first phase of opening of the Havre Trough followed by an abrupt increase in spreading rates to more than 100 mm yr -1 during the Brunhes epoch. Pure shear extension model. We used a pure shear 63 model for the extension, in which a certain region of the lithosphere extends and thins under tensional stresses, maintaining a constant volume. This model is controlled by the stretching factor β, which defines the amount of horizontal stretching or vertical thinning of the deformed region ( Supplementary Fig. 2 ). The model is obviously an oversimplification of the real process of extension, but could be used to roughly estimate some parameters, such as the original width L at which the initial rifting and deformation of the old arc occurred, by introducing estimates of the stretching factor β. These values of β are poorly constrained, but typical values are in the range 1-2 for intracontinental basins, and gradually increase to 2-4 for offshore oceanic crust 64 . In the specific case of the continental rift in New Zealand, a value of β = 2 was estimated from geophysical models in the TVZ 16, 25 . A value of β = 3 was proposed as a better estimate in the Havre Trough 30 . This value is in agreement with the crustal models in Fig. 4 , which show an average thickness of the pre-spreading old thinned and rifted arc crust of ~3 km (H/β) and an average thickness of the Colville and Kermadec Ridges of 10 km (H), which in turn imply a value of β ≈ 3.3.
Data availability
The survey magnetic data can be downloaded from the NGDC database https://ngdc.noaa.gov/mgg/geodas/trackline.html. The gravity data derived from satellite altimetry can be downloaded from https://topex.ucsd.edu/marine_grav/ mar_grav.html. The regional bathymetry grid shown in Fig. 1 can be downloaded from https://www.niwa.co.nz/our-science/oceans/bathymetry. The high-resolution bathymetry and geophysical grids used in this study are available from the corresponding author upon request.
